Abstract: A new method based on self-mixing interference (SMI) for refractive index measurement by means of simply frequency analysis is proposed. The optical phase shift is implemented by translating a transparent object through a motorized stage with a setting velocity. Then, the refractive index is determined by the frequency of SMI fringes. A relative repeatability of refractive index estimated in 1:0 Â 10 À4 is achieved experimentally. This method has found that there exists an optimal velocity to achieve minimum error of refractive index measurement.
Introduction
In a variety of physical and chemical applications, the measurement of refractive index has been increasingly important. So far, the methods to measure refractive index are in diversity, such as minimum-deviation method [1] , the laser diffractometer method [2] , the optoelectronic oscillator method [3] , the Michelson interferometer method [4] , and the Mach-Zehnder interferometer method [5] , [6] , and these methods can achieve measuring results with high precision. However, they have some defects involving complexity of operation and limitation of measurement range, which gives rise to the applications under restrictions.
Self-mixing interference (SMI), as a new laser technique in recent years, which is based on the interaction of cavity field with the field backscatter from the remote target, has aroused wide concern. There are a variety of lasers for self-mixing interference measurement, including semiconductor laser [7] , fiber ring laser [8] , solid state laser [9] . Moreover, the related applications of SMI have been utilized in various fields, including laser parameters [10] , thermal expansion [11] , tomography [12] , terahertz imaging [13] , and biomedical signals sensing [14] . Recently, a method to simultaneously measure refractive index and thickness of optical materials using selfmixing interference has been demonstrated [15] , [16] . The optical path varies along with a transparent sample's rotation. Afterwards, we have presented a new method for refractive index measurement [17] . Refractive index with precision of 0.004 is achieved through counting fringe numbers related to the moving distance of the measured sample.
In this paper, an improved method for refractive index measurement based on frequency analysis method is demonstrated. The optical phase shift is implemented by translating a transparent object through a motorized stage with a setting velocity. Then, the refractive index is simply determined by the relationship between SMI fringe frequency and velocity. As a result, the advantages of this method are effectively avoiding the error of fringe counting and simplifying the signal processing with a higher precision.
Method for Refractive Index Measurement

Theory of the Self-Mixing Interference
It is generally known that when the light partially re-injected back into the laser by the external reflector, both the gain and the frequency of the laser will be affected; hence, the modulated output power of the laser is related to variation of external optical distance. The self-mixing interference effect has been deeply studied and described by [18] - [21] , and based on an analytical steady-state solution, the emitted power P is usually expressed as
which is amplitude modulated by a periodic (period T ¼ 2) interferometric function F ðÞ. In (1), P 0 is the laser power without optical feedback and m is the modulation index; is the optical phase shift of the external path with feedback, given by ¼ 2kL ¼ 4L= with k being the wave vector, being the wavelength, and L being the variation of optical distance from the LD to the reflector. It is recognized that the phase difference is caused by the external optical path difference. Each fringe of SMI signals corresponds to phase shift of 2 (or displacement shift of =2). Therefore, the relationship between the optical phase shift ðÁÞ and the fringe frequency can be given as
where f N is the frequency of N complete fringes, and t is the corresponding time interval.
Principle of the Method for Refractive Index Measurement
In our setup (see Fig. 1 ), the optical phase shift ðÁÞ is caused by the movement of the target i.e., a transparent solid object that sets in the optical path, and the refractive index of the object is unknown. After lightening LD, the emitted light will go through the object which has a certain included angle between front and rear surface. The external reflecting mirror (M) is employed to make the light backtrack and re-enter the laser cavity. Accordingly, the optical phase shift that caused by moving target can be written as
where is the object moving velocity that controlled by motorized stage. The relationship of the entire angles in optical path can be described by
where n 0 is the refractive index of the air, 1;2 is the incident and refractive angle of front surface, and 3;4 is the incident and refractive angle of rear surface, respectively.
Hence, combining (2) and (3) and substituting the angles' relationship (4) and (5), the refractive index n can be expressed as follows.
Considering a certain situation ð ¼ 45 Þ, (7) can be rewritten as
Therefore, refractive index n is merely determined through the parameter f N because other parameters are known or can be readily obtained.
Experiment and Discussion
In the experiment, we use a LD (FU654AD5_C9N) with nominal wavelength of 654 nm and output power of 5 mW as the light source, driven by a constant current supply. We use a prism which is made of K9 glass (n d ¼ 1:51630, v d ¼ 64:06) and has an included angle of 45°as the sample. The prism is placed on a motorized translation stage with velocity precision of 0.01% between laser and reflector, at a distance of 12 cm from laser. The angle between the beveling edge of the prism and the reflector is 60.12° [17] . By adjusting the focuslens packaged in the LD, the laser beam passes through prism and focuses onto the reflector. Parts of the laser beam return back to the laser cavity. A power-monitor PD packaged in the LD detects the change of laser power and transforms light power into current, which will be amplified by a transimpedance amplifier. Finally, the SMI signals are acquired by computer via a DAQ card (ISDS205A). In order to reduce the setting error of prism in experiment, we carry out an optical self-alignment process to make the incidence surface of prism as parallel as possible to the moving direction of motorized stage. Experimental results of measurement when translating prism by motorized stage is shown in Fig. 2(a) and the SMI waveform after zooming in is shown in Fig. 2(b) . The eight groups of SMI waves under different translated velocity are drawn in Fig. 3 , which aims at observing different time intervals for 50 complete fringes ðN ¼ 50Þ. The time intervals T in Fig. 3(a) -(h) are 311.051 ms, 155.530 ms, 103.694 ms, 77.765 ms, 62.216 ms, 51.846 ms, 44.440 ms, and 38.885 ms, respectively. As seen in (8) , refractive index n is merely determined by f N with given , 4 , and . It should be noted that the fringe frequency f N can be easily calculated by equation f N ¼ N=T . Fig. 4 shows experimental SMI fringe frequency for eight groups under different translated velocity, which corresponds to Fig. 3 . The orange spots represent the measured results about fringe frequency f N and velocity ; and the blue line shows the simulated results. It is shown that the measured results are in good agreement with the simulated results.
In order to evaluate the measurement precision of the proposed frequency analysis method, we performed the partial differential for (8) . The expression of variance of refractive index 2 n has the following form:
where @n=@, @n=@f N , and @n=@ 4 are the first order partial derivatives; and , f N , and 4 are standard deviation of velocity , fringe frequency f N , and refraction angle 4 , respectively. Considering the uncertainty of velocity , time interval T , and refraction angle 4 are, respectively, kept within ±0.01%, ±0.001 ms, and ±0.005°, the results of n for several specific under different translated velocity are shown in Fig. 5 . With the increase of velocity, n decreases firstly and then increases. It means that there is an optimal velocity of translation to minimize n for specific . Furthermore, we find that the optimal velocity decreases with the increase of included angle . When exceeds about 15°, the value of n under the optimal velocity remains stable around 6:2 Â 10 À5 . If is too small, its corresponding optimal velocity will be numerically large. However, high speed of translation will definitely affect the stability of entire system. Namely, too small included angle is not preferred to keep high precision. Therefore, we selected ¼ 45 in our experiment and the corresponding optimal velocity was 3 mm/s. For precisely calculating the refractive index, we achieve n 0 ¼ 1:000 271 5 AE 0:000 000 1 by Edlen Formula. The experimental result of refractive index n is 1.51489 of which the standard deviation is n ¼ 1:0 Â 10 À4 with ten groups of measurement. This standard deviation is close to the theoretical expectation. In comparison with the previous fringe counting method, the frequency analysis method aims at getting the time interval of several complete fringes. It avoids the error of fringe counting effectively and simplifies the signal processing. Moreover, the system has advantage of high accuracy because the velocity error generated by motorized stage is extremely small. Actually, the beveling edge of the sample can be the feedback surface if the beveling edge is allowed to be coating. Then, the formula of refractive index and the structure of experiment can be further simplified.
Conclusion
In this paper, we propose a simple refractive index measuring method by means of frequency analysis based on self-mixing interference. Compared with other ways to change optical phase shift, the proposed translation method provides an easier operation. And the frequency analysis method has advantages of high accuracy and simple signal processing over conventional fringe counting algorithm. It has been found that the error of refractive index can be minimized by selecting an optimal velocity. Finally, a relative repeatability of refractive index estimated in 1:0 Â 10 À4 was achieved experimentally. The proposed system exhibits a high precision, which has the potential to expand its application in various material measurements.
